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Resonant x-ray reflectivity exploits the energy dependence of atomic scattering factors to locate resonant
atoms within the electron density distribution of thin films. We apply the technique to a monolayer of bromo-
stearic acid at the air/water interface. The data collection protocol employed cycles through several energies in
the vicinity of the bromineK absorption edge and verifies that the energy dependencies observed are indeed
resonant effects. The analysis specifies the location of the Br atom with sub-angstrom precision and must
consider both the real and imaginary parts of the changes in the scattering factor to be consistent with the
known structure and stoichiometry of this test case.
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I. INTRODUCTION

Langmuir monolayers provide an important interfacial
system for the study of amphiphilic macromolecules of or-
ganic, bio-organic, or polymeric origin and their interactions
with both polar and nonpolar atomic and molecular species.
Such systems are relevant in both biomedical(e.g., biomin-
eralization [1,2], cell membrane function, respiration[3])
and materials science(e.g., electronic and optical properties
of polymeric ultrathin films[4,5]). X-ray and neutron scat-
tering are key techniques for structural characterization of
these single-monolayer systems. Specular reflectivity pro-
vides the scattering-length density(SLD) distribution of the
monolayer projected onto the normal to the plane of the in-
terface[6,7]. The SLD profile provides the overall thickness
of the film, but this projection prevents the localization of
particular molecular, submolecular, or atomic components of
the monolayer within its profile structure unless they possess
a SLD significantly different from the remainder. In neutron
reflectivity, particular moieties can be located within the
SLD profile by replacing1H with 2H, but this requires com-
parison of SLD profiles for rigorously isomorphic monolay-
ers of the unlabeled versus2H-labeled species[8,9]. In x-ray
scattering, isotopic variations in scattering factors do not ex-
ist, and resonance scattering properties of the elements must
be relied upon to introduce contrast variation while retaining
isomorphism. Resonance(or “anomalous”) x-ray diffraction
is routinely employed in the structural characterization of
proteins in single crystals. Although the number of resonant
atoms per molecule is very small for either the native or
resonant-atom-labeled protein as only heavier atoms possess
a resonance in the x-ray regime, their total number in the
periodic three-dimensional crystal is very large facilitating
measurement of the resonance effect. Resonance x-ray re-
flectivity has been extensively utilized in the structural char-
acterization of inorganic and bio-organic multilayer films on
solid supports where either the density of resonant atoms

within particular layers is very high, or in the case of pro-
teins the periodicity of the multilayer otherwise provides a
large total number of resonant atoms, again facilitating mea-
surement of the resonance effect[10–14]. Single-monolayer
films are much more problematic due to the low total number
of resonant atoms coupled with the small magnitude of the
resonant effect. There is only one reported example of a reso-
nance x-ray reflectivity study of a single monolayer of a
protein, and there the resonant effect from the protein’s metal
atom was enhanced through its interference with the non-
resonant reflectivity from an underlying organic multilayer
substrate[15]. Development of analogous resonance x-ray
reflectivity techniques for the structural characterization of
single Langmuir monolayers of amphiphilic macromolecules
at the air/water interface would be of great value. For in-
stance, it would open the door to localizing resonant-atom-
labeled, single amino acid residues within the SLD profile of
single monolayers of vectorially oriented proteins, analogous
to those that can now only be performed by neutron reflec-
tivity with 2H-labeled proteins[8,9]. This requires that the
alignment of the liquid surface spectrometer be precisely
maintained as the x-ray energy is varied about the resonant
atom’s absorption edge and utilization of data analysis tech-
niques not relying on interferometry. Furthermore, x-ray ra-
diation damage of organic and bio-organic monolayer films
may preclude accurate measurement of the resonance effect,
the small total number of resonant atoms in the film requir-
ing extensive data acquisition times for satisfactory statistics.

The first resonance scattering study of a liquid surface
involved liquid metal alloys, impervious to radiation damage
and containing a high mole fraction of resonant atoms[16].
Here we apply resonance reflectivity to investigate the loca-
tion a resonant Br atom covalently bound to the hydrocarbon
chain of an organic fatty acid in a Langmuir monolayer on
the surface of water. This essential test case of known reso-
nant atom stoichiometry and location within the chemical
structure of the macromolecular species demonstrates that
resonance reflectivity at the air/water interface can specify an
atomic position with subangstrom precision. Our data collec-
tion protocol demonstrates the correct energy dependence of
the resonance effect in the brominated sample and the ab-*Electronic address: strzalka@sas.upenn.edu
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sence of an effect in a control without Br and also verifies the
absence of radiation damage to either sample. A model-
independent method provided the SLD distribution from data
below the resonant energy. The resonant atom location in the
SLD profile was modeled, taking into account both the real
and imaginary parts of the resonant scattering factor, from
data near or on resonance. Neglecting the imaginary part of
the resonant scattering factor leads to an incorrect result. In
these respects, the present work differs from a recently re-
ported resonant x-ray reflectivity study of the distribution of
counter-ions adsorbed to the polar lipid headgroups of a
phospholipid monolayer[17].

II. METHODS

Measurements were performed at Beamline 9-ID of the
Complex Materials Consortium(CMC CAT) at the Ad-
vanced Photon Source, where a constant exit height mono-
chromator can change the energy of the beam while keeping
the downstream optics in alignment. The third harmonic of
the undulator was detuned by 200 eV above the monochro-
mator energy. The energyK=KBr=13474 eV was calibrated
by the absorption from KBr salt as the energy was scanned.
A split ion chamber monitor and feedback control of the
voltage applied to the second crystal of the monochromator
maintained the position of the beam at the monitor(9 m
before the sample). Horizontally, the beam was slightly over-
focused and diverging at the scintillation counter detector,
while vertically it was unfocused. Incident slits were 2 mm
wide and 50µm high; detector slits were 232 mm2. Con-
tamination of the beam by higher harmonics was negligible.
The liquid surface spectrometer(LSS) and Langmuir trough
sample chamber have been previously described[18,19]. At-
tenuating filters of Mo foil in 50-µm steps kept the count rate
,20 kHz. To prevent radiation damage, the sample was
translated transverse to the x-ray beam by 40µm between
datapoints at largeqz and 2 mm between successive scans.

We spread monolayers from 1 mg/mls<3.5 mMd solu-
tions of stearic acidfSA,CH3sCH2d16COOHg or 2-bromo-
stearic acidf2BrSA,CH3sCH2d15CHBrCOOHg (Sigma, St.
Louis, MO) in HPLC-grade chloroform onto MilliQ water
subphases at 5 °C. Monolayers were compressed to and
maintained at a surface pressurespd of 5 mN/m.

III. RESULTS

Pure water serves to identify systematic energy dependen-
cies in the measurement and normalization technique since
the reflectivity from liquid/vapor interfaces is so well under-
stood[6,20]. We treat the reflectivityRsqzd from pure water
and from the monolayers by fitting the Fresnel functionRF to
data points nearqc, and subsequently analyzing the Fresnel-
normalized reflectivity,Rsqzd /RF. For the water surface,
modeled as a rough interface of finite widths, this is de-
scribed by a Gaussian:Rsqzd /RF=AH2Oexps−qz

2s2d. All the
scans are well fit by the Gaussian, with very similar values
for ss2.57±0.01 Åd, but the amplitude had a reproducible
and small energy-dependent changes1.01,AH2O,1.04d.
We treat this as a systematic error introduced, perhaps, by

errors in the calibration of the attenuation factors for the Mo
filters. We take the average amplitude of the Gaussians for
each energy,AH2OsEd, as an empirical correction factor to
normalizeRsqz,Ed /RF.

The variation inRsqz,Ed / fRFAH2OsEdg from the control
SA monolayer, which limits our sensitivity to resonant ef-
fects, is quite small (Fig. 1). In contrast,
Rsqz,Ed / fRFAH2OsEdg from 2BrSA monolayers shows a defi-
nite and reproducible energy dependence(Fig. 2). The am-
plitudes of the two maxima are more similar forK±d sd
=200 eVd than forK, while the minimum nearqz=0.3 Å−1 is
slightly shifted forK−d compared toK, K+d. This general
behavior can be expected from the tabulated values for the
real and imaginary parts of the scattering factor,f8sEd , f9sEd.
For Br at E=K=13 474 eV,f8sKd=23.26e−, f9sKd=3.862e−;
at 13 274 eV, f8sK−dd=30.98e−, f9sK−dd=0.5449e−; at
13 674 eV, f8sK+dd=31.39e−, f9sK+dd=3.231e− [21]. The
change inf8sEd, which is approximately symmetric about the
edge energy, dominates the resonant effect, consistent with
the data fromK±d having similar amplitudes. The change in
f9sEd is asymmetric about the edge, resulting in the data
from K−d being slightly out of phase with those fromK ,K
+d. The smoothly varying, reproducible data show that the
monolayer withstands the radiation dose.

We can quantify the agreement between different data sets
by computing the crystallographic figure of merit, theR fac-
tor. In terms of the reflectivity as the modulus squared of the
structure factor of the electron density profile gradient, we
haveRsqz,Ed / fRFAH2OsEdg= uFsqduexpt

2 and define theR factor

FIG. 1. (a) Fresnel- and energy-normalized reflectivity data for
the control stearic acid monolayer at energies in the vicinity of the
absorption edgeK=13 474 eV,d=200 eV. (b) Differences com-
puted for the data in(a) and the first data set atE=K.
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as r =SsuFsqduexpt− uFsqdumodeld2/SuFsqduexpt
2 . Computing

uFsqduexpt from the first data set atE=K for the SA monolayer
and using the other data sets in turn to computeuFsqdumodel

gives r ,4310−4. For the 2BrSA monolayer, making com-
parisons between the various data sets and the second data
set at E=K results in similar values,r <6310−4, for the
other datasets atE=K but significantly larger values,r <2
310−3, for E=K±d.

IV. ANALYSIS

We first treat the control SA monolayer. Computing the
inverse Fourier transform ofRsqz,Ed / fRFAH2OsEdg gives us
the autocorrelation function of the profile gradient, which
indicates that the monolayer is about 30 Å thick(Figs. S2, S3
of Ref. [25]). The finite extent of the monolayer provides a
powerful constraint that allows us to solve the phase problem
for this structure using the iterative box refinement algorithm
[22]. The box-refinement result describes the data sets nearly
as well as the data set atE=K describes the data sets at the
other energiessr <7310−4d.

For the 2BrSA monolayer, we cannot apply box refine-
ment directly to solve for the structure because box refine-
ment yields a strictly real electron density distribution, while
the scattering factor of Br makes the electron density distri-
bution complex in the vicinity of theK edge. However, as
the imaginary component of the scattering factor of Br is
small, E=K−d, we will approximate it as zero—i.e.,f9sE
=K−dd=0.5449e−<0. This will permit us to apply the box-

refinement algorithm to the low-energy normalized reflectiv-
ity data and so obtain a numerical value for the normal de-
rivative of the electron density distribution,dr /dzsE=K
−ddexpt. Fitting a sum of Gaussians to this derivative gives us
an analytical expressiondr /dzsE=K−ddanal, which closely
approximatesdr /dzsE=K−ddexpt (Fig. S5 of Ref.[25]). We
can then integrate this to obtainrsz,E=K−ddanal and Fourier
transform it to obtainFsq,E=K−ddanal, whose modulus
squared should match the normalized x-ray reflectivity
data(Fig. S6 of Ref.[25]). At the two higher energiesK and
K+d, the energy-dependent scattering factor of Br will be
fsEd= fsK−dd+Df8sEd+ iDf9sEd. We assume that the change
in the scattering factor is distributed as a Gaussian of com-
plex amplitude centered on the position of the resonant Br
atom, zres, with a finite width sres:rsz,Ed=rsz,E
=K−ddanal+hfDf8sEd+ iDf9sEdg /Amoljexpf−sz−zresd2/sres

2 g,
whereAmol is 29.5 Å2 for 2BrSA at p=5 mN/m. The Fou-
rier transform of the derivative of this expression is readily
computed analytically(see the Appendix of Ref.[25]) and
can be compared toRsqz,Ed / fRFAH2OsEdg collected at the
energiesE=K ,K+d, while the parameterssres and zres are
varied (Fig. S7 of Ref.[25]). Additionally, since the mono-
layer structure does not change as the x-ray energy is varied,
we require consistency for the parametrerssres and zres by
fitting the data sets simultaneously. In this way, we deter-
mined the location of the Br atom within the 2BrSA mono-
layer as zres=−16.0±0.2 Å, with a width of sres
=2.8±0.2 Å.

Figure 3 superimposes the profile structures for the
2BrSA and SA monolayers as determined atE=K−d. The
brominated carbon of 2BrSA is adjacent to the carboxyl
headgroup effectively increasing the width and density of the
headgroup feature relative to that of SA. The Br atom pre-
vents tight packing of the 2BrSA monolayer, causing the
hydrocarbon chains to tilt more and form a layer thinner than
in SA. The resonance data confirm that the Br atom is at the
maximum in the headgroup feature of the 2BrSA monolayer
as expected since Br has the largest electron density of any
atom present.

FIG. 2. (a) Fresnel- and energy-normalized reflectivity data for
the 2-bromo-stearic acid monolayer at energies in the vicinity of the
absorption edgeK=13 474 eV,d=200 eV. (b) Differences com-
puted for the data in(a) and the second data set atE=K.

FIG. 3. Electron density profile structures for the SA(solid) and
2BrSA (upper dotted curve) monolayers from box refinement. The
Gaussians at the bottom show the entire real part of the scattering
factor of bromine atE=K−Ds30.98e−d, according to the analysis
that either includes the imaginary part of the resonant change in the
scattering factor,Df9Þ0 (dotted line), or neglects it, Df9=0
(dashed line). Note that the Br atom is only coincident with the
maximim in the 2BrSA profile structure whenDf9 is included.
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V. DISCUSSION AND CONCLUSIONS

Determination of the Br atom’s location within the mono-
layer profile structure required simultaneous fitting of all the
data available. There was not enough information present in
an individual data set to obtain results for the Br position and
width consistent with that from the data sets at the other
energy. Therefore, in applying the technique to peptide
monolayers, with Br area densities 3–10 times smaller than
in 2BrSA, more information will probably be gained by col-
lecting data sets at different energies, rather than repeating
data sets at fewer energies. At least one energy must be re-
peated to verify that the sample is not changing with time, as
radiation damage can be a problem[23].

Computing R factors demonstrates that the approximation
we used to apply box refinement to the data at
E=K−D—namely,f9=0.5449<0—was justified. Taking the
6-Gaussian fit to the box-refinement result for 2BrSA and
adding in a Gaussian of widthsres centered onzres with an
amplitude ofi f 9sE=K−Dd /Amol or 0.5449i /29.5 Å2 did not
change the R factor significantly (0.000 744 versus
0.000 750).

In contrast, the change in the scattering factor at the
higher energies relative to theE=K−D data set could not be
treated as strictly real. The procedure presented here resulted
in R factors for the fits to theE=K ,K+D data sets ofr <8
310−4, similar to theR factor s7310−4d for the 6-Gaussian
fit to the low-energy data upon which the resonant model
was based(Table S3 of Ref.[25]). However, when the data
were analyzed by the same procedure but with the change in
the imaginary part neglected,Df9=0, comparable fits were
obtained for theE=K datasr <7310−4d, but not for theE
=K+D data sr <2310−3d. More significantly, the Br posi-
tion obtained from these fits was shifted away from the peak
in the headgroup feature toward the subphase by 1.4 Å, a
distance greater than the separation between carbon atoms

projected onto the axis of an alltrans alkyl chain (Fig. 3).
Our analysis rests on the published values for the change

in f8 and f9 for bromine(see Results) [21]. These values may
be checked indirectly by treatingDf9sE=Kd ,Df9sKd ,Df9sK
+dd, andDf9sK+dd as floating parameters along withzresand
sres in a simultaneous fit of the data sets. This resulted in
marginally better fitssr <6310−4d, a significant shift in the
Br location away from the subphaseszres=−14.8±0.2 Åd and
a slight increase in the width of the Gaussianssres

=3.2±0.2 Åd. The corresponding values of the scatterng fac-
tor, referenced to the tabulated values atE=K−d, are f8sKd
=24.5±0.6,f9sKd=9.9±1.2,f8sK+dd=32.8±1.3, and f9sK
+dd=8.0±0.4, which suggest that the imaginary part of the
resonant effect for this system might be larger than expected.
We did not attempt the extended x-ray absorption fine struc-
ture (EXAFS) scan of the monolayer necessary for direct
determination of theDf8 ,Df9 values from the sample[24],
due to the difficulties involved in maintaining alignment of
the spectrometer as the incident energy is changed.

This study demonstrates the feasibility of resonance x-ray
reflectivity measurements on Br-labeled Langmuir monolay-
ers with what we think are approaches to the data collection
and analysis required to obtain the most reliable information
regarding the location of the resonant species. A best-practice
approach would also measure the change inf8 and f9 directly
from the sample and constrain the location of the resonant
atoms even further.
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